Eutrophication is a serious threat to aquatic ecosystems globally with pronounced negative effects in the Baltic and other semi-enclosed estuaries and regional seas, where algal growth associated with excess nutrients causes widespread oxygen free "dead zones" and other threats to sustainability. Decades of policy initiatives to reduce external (land-based and atmospheric) nutrient loads have so far failed to control Baltic Sea eutrophication, which is compounded by significant internal release of legacy phosphorus (P) and biological nitrogen (N) fixation. Farming and harvesting of the native mussel species (Mytilus edulis/trossulus) is a promising internal measure for eutrophication control in the brackish Baltic Sea. Mussels from the more saline outer Baltic had higher N and P content than those from either the inner or central Baltic. Despite their relatively low nutrient content, harvesting farmed mussels from the central Baltic can be a cost-effective complement to land-based measures needed to reach eutrophication status targets and is an important contributor to circularity. Cost effectiveness of nutrient removal is more dependent on farm type than mussel nutrient content, suggesting the need for additional development of farm technology. Furthermore, current regulations are not sufficiently conducive to implementation of internal measures, and may constitute a bottleneck for reaching eutrophication status targets in the Baltic Sea and elsewhere.
H I G H L I G H T S
• Mussel farming is a viable internal measure to address Baltic Sea eutrophication. • Rates of nutrient removal depend on salinity at the regional scale and food availability at the local scale. • Cost effectiveness of nutrient removal by mussel farming depends also on farm type. • Total farm area needed for achieving HELCOM nutrient reduction targets is realistic.
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Introduction
Eutrophication is a global threat to many aquatic ecosystems and its negative effects are particularly pronounced in semi-enclosed estuaries and regional seas (Diaz and Rosenberg, 1995; Conley et al., 2009a; Rabalais et al., 2009) . Excessive amounts of nitrogen (N) and phosphorus (P) from present-day and legacy sources support massive algal blooms which results in widespread and increasing oxygen free "dead zones" (Breitburg et al., 2018) , increasing susceptibility to ocean acidification (Cai et al., 2011) , reduced biodiversity and loss of ecosystem functions and services (Smith, 2003; Riedel et al., 2016) . In the Baltic Sea, a multi-jurisdictional water body, N40 years of international efforts to reduce external nutrient (N and P) inputs have failed to solve the eutrophication problem (Fleming-Lehtinen et al., 2015; Andersen et al., 2017) . Today, 97% of the marine area is considered as degraded due to eutrophication (HELCOM, 2018, Fig. 1 ) and despite significant reduction in external loads, the total P pool in Baltic Sea waters continues to increase (Savchuk, 2018) and internationally agreed upon water quality targets are still not met. To date, management actions have primarily focused on minimizing external loads, i.e., terrestrial point sources and diffuse nutrient inputs. Agriculture is targeted in many cases (Larsson and Granstedt, 2010) but the internal loads of legacy P released from marine sediments (Vahtera et al., 2007; Conley et al., 2009a) and atmospherically fixed N are often neglected (Vahtera et al., 2007) , as are nonfood nutrient sources (Hamilton et al., 2018) .
Aquaculture is a key component of the EU Blue Growth strategy (EC, 2012) and can have significant positive and negative effects on water quality. Aquaculture is the fastest growing food-producing sector and currently represents nearly 50% of global fish, crustacean and mollusc production (FAO, 2018) . Marine bivalves, e.g., mussels, oysters, clams and other shellfish, are often referred to as extractive species as these filter feeding species act as nutrient sinks by ingesting particles suspended in the water column. Importantly, harvesting of cultivated mussels removes both N and P, thereby improving water quality in affected areas (Carlsson et al., 2012; Kraufvelin and Díaz, 2015) .
Aquaculture can also make a positive contribution to circularity and nutrient recycling. Most internal eutrophication control measures make P unavailable for re-use through, e.g., bottom water oxygenation to change sediment redox status and the binding of P to iron (Stigebrandt et al., 2015) or aluminium treatment to effectively immobilize P in the sediment (Rydin et al., 2017) . Unlike the aforementioned measures, harvesting of internally produced biomass, (i.e. farmed mussels) offers the potential for efficient recirculation of nutrients from sea to land. Harvested mussels can be used to produce feed for chickens (McLaughlan et al., 2014) or fish (Vidakovic et al., 2015) , as well as for human consumption (Gren et al., 2009 ). Harvested mussels can also be used for bioenergy production (Hu et al., 2011; Nkemka and Murto, 2013) , or as a soil amendment.
The failure to control Baltic Sea eutrophication through external nutrient load reduction measures has highlighted the need for in-situ (internal) methods to lower nutrient concentrations in the water column, e.g. through geoengineering (Stigebrandt et al., 2015; Rydin et al., 2017) or biomass harvesting (Gren et al., 2009) . Intensive fishing of commercial or non-commercial fishes (e.g., three-spined stickleback, round goby) has been proposed as an alternative means for removing nutrients from the Baltic Sea. However, this could have unknown and potentially catastrophic consequences for marine biodiversity due to the role as top or intermediate predators that these species have in littoral habitats. While internal measures for nutrient regulation are not a universal means of controlling eutrophication, they should be considered when feasible external measures have been tried and found to be inadequate (Savchuk, 2018) . It should be noted, however, that many internal measures have been associated with high costs for nutrient removal (Lurling et al., 2016) as well as undesirable secondary effects such as damage to benthic habitats (Stadmark and Conley, 2011) , potentially harmful shifts in thermal regime (Conley, 2012) and/or food web impacts (Naylor et al., 2001) . The Baltic Sea region is an important test case highlighting the opportunities and challenges of farming native bivalve species as an internal measure to mitigate the adverse effects of coastal eutrophication. The region has a long, well-documented history of ecosystem deterioration, high data density and multiple cross-border environmental management actions to counter marine eutrophication (Reusch et al., 2018) .
Farming of the ubiquitous blue mussel species complex (Mytilus edulis/trossulus, Stuckas et al., 2009) has been proposed as an internal measure for eutrophication control in the brackish Baltic Sea (Lindahl et al., 2005; Gren et al., 2009; Petersen et al., 2014; Schröder et al., 2014; Ozoliņa, 2017; Kiessling et al., 2019) . Mussel farming has also been criticized as being not cost effective (Hedberg et al., 2018) and harmful to the environment (Stadmark and Conley, 2011) .
Blue mussels are marine species and form hybrid zones within the Baltic Sea (Stuckas et al., 2009) . While individuals are able to survive down to salinities of 4-5 practical salinity units (PSU), they grow better in high salinity conditions where they do not need to expend as much energy on osmoregulation (Maar et al., 2015) . Blue mussels are primary consumers and usually the dominant species (i.e. main contributor to abundance and biomass) in the environments where they occur, and consequently their sustainable harvest is not expected to produce cascading effects or other impacts on the stability of the food web.
Blue mussel farming relies on recruitment of free-swimming larvae (veligers) from wild populations that are entrained into the water column and passively dispersed from natural mussel reefs. After dispersal, veligers attach themselves to available substrates, including objects in the water column, e.g., mussel farms. Thus, determining how to best allocate areas suitable for mussel farming requires consideration of the connectivity between candidate farm sites and natural mussel reefs in order to define areas that do not require artificial mussel seeding.
Farms using ropes with high surface area per unit length, i.e. ribbons, Swedish bands or so-called "fuzzy ropes" promote higher rates of larval settlement. After settlement, it is necessary to account for the way in which salinity, food availability and wave action affect growth rates and to select sites with the highest harvest potential. A typical Baltic Sea mussel farm has an area of a b5 ha and consists of 10-100 km of rope suspended at different depths (Holmer et al., 2015; Kraufvelin and Díaz, 2015) . Cost effectiveness of the farms is dependent on nutrient and salinity levels as well as the type of equipment for culturing mussels, with specialized ropes that optimize veliger recruitment being the most effective for culturing the small mussels found in the Baltic.
Harvest rates are usually expressed in units of mass of mussels per metre of rope. Mussels are harvested one to two years after recruitment, depending on site productivity. As farmed mussels spend their entire life suspended in the water column, they are less affected by contaminated sediments than benthic dwelling organisms but can be susceptible to contamination by algal toxins (Sipiä et al., 2001) .
A synthesis of a large number of recent measurements of farmed mussel growth in the Baltic Sea and a new model chain for predicting growth and nutrient removal potential across key environmental gradients are presented. The relationship between wild mussel production and predicted nutrient removal through harvest of farmed mussels was quantified by modelling occurrence of wild mussels throughout the whole Baltic Sea. A biophysical dispersal model was used to analyse direction and distance of larval drift from each natural mussel reef. Next, spatially explicit and empirically modelled growth rates of farmed mussels were combined with measured N and P concentrations in mussels Fig. 1 . Areas of the Baltic Sea (coloured; 97% of its total surface area) that currently have unacceptable water quality with respect to eutrophication. Different colours indicate different water quality classes. The 2013 HELCOM Ministerial Meeting agreed on the amount of reduction in emissions for nitrogen (N) and phosphorus (P) in different sub-basins of the Baltic Sea in order to meet goals of the Baltic Sea Action Plan. However, trend-based estimates demonstrate that the maximum allowable nutrient inputs are still exceeded in the Central and Inner Baltic Sea. The excesses are shown as numbers in the different sub-basins. Blue hatched areas show the best mussel growth location separately for Outer, Central and Inner regions predicted by the model. Within these regions, blue rectangles show the surface area of future mussel farms that are needed to meet the basin-specific goals of nutrient load reduction defined in the Baltic Sea Action Plan. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) harvested from production-scale farms to quantify nutrient removal potential. Finally, farm-scale nutrient removal estimates were upscaled to predict the total area of mussel farms needed to make a meaningful contribution to reducing Baltic Sea eutrophication.
Material and methods

Study area
The Baltic Sea is shallow, brackish and has almost no tide but experiences intense seasonality in temperature and inflow. It is heavily affected by eutrophication with N and P concentrations showing decreasing and increasing trends, respectively (HELCOM, 2018; Savchuk, 2018) .
For most of the analyses presented here, the Baltic Sea was divided into Outer (Kattegat and Belt Sea), Central (Northern Baltic Proper, Western and Eastern Gotland Basins, Gdansk Basin and Bornholm Basin) and Inner regions (Bothnian Bay, Bothnian Sea, Archipelago Sea, Åland Sea, Gulf of Finland and Gulf of Riga), representing the gradient from the near-oceanic (Outer) to brackish-water conditions (Fig. 2) .
Despite salinity constraints, several characteristics of the Baltic Sea favour mussel farming for eutrophication control. First, the Baltic Sea is very eutrophic and food is only rarely a limiting factor for mussels (Kotta et al., 2015) . Thus, within suitable habitat ranges, elevated resource availability can compensate for growth limitation associated with reduced salinity (Kotta et al., 2015) . Second, high nutrient concentrations in the water require in-situ removal actions for which mussel farming is promising. Finally, more than forty years of international agreements and land-based measures have failed to solve the problem of Baltic Sea eutrophication; large amounts of money have been allocated to reduce inputs from land with variable, often minimal, effects (Helin, 2013) .
Mussel farms
Harvest data are reported from three farms, one each in the Outer, Central and Inner Baltic (Table 1 and Fig. 1 ). The Kumlinge farm (Inner Baltic) is located in the Åland archipelago. It was established in spring 2010 and harvested in November 2012. The farm technology consisted of four 120 × 3 m nets with a mesh size of 15 cm fastened to floating Fig. 2 . Location of sampling points for the distribution and growth of blue mussels. Colours depict different sub-regions of the Baltic Sea. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) plastic pipes. The average water depth was 8 m and average bottom water current speeds were 3-4 cm s −1 (Kraufvelin and Díaz, 2015) . The Sankt Anna farm (Central Baltic) is located on a sheltered site in the Swedish Östergötland archipelago. The farm was established in spring 2016 and harvested in October 2018. The farm technology consisted of "spat catching" rope developed by Quality Equipment Ltd. and optimised for settling of small mussels. Ropes were hung at a depth of 2-12 m. Average water depth at the site was 20 m and bottom water current speeds were low. The Kiel farm (Outer Baltic) is located near Kiel, Germany. The farm technology consists of ropes with collector bands and socks optimised for the production of large mussels. Ropes were suspended at depths of 1-3.5 m and average water depths ranged between 7 and 11 m (Schröder et al., 2014) . The farm was established in 2011 and the first harvest took place in September 2012.
Spatial mapping
The blue mussel distribution data were combined from different sources: benthos database of the Estonian Marine Institute, University of Tartu (http://loch.ness.sea.ee/gisservices2/liikideinfoportaal/); the VELMU database, Finnish Environment Institute (http://www. ymparisto.fi/en-US/VELMU); the database of the Swedish National Monitoring Programme (http://sharkdata.se/), benthic inventory data collected by AquaBiota (http://www.aquabiota.se/en/researchservices/ inventories-using-underwater-video/), the database of Marine Research Institute, Klaipeda University; EurOBIS (http://www.eurobis. org/) and EMODnet (http://www.emodnet-biology.eu/portal/) ( Fig. 2) . Altogether, data from 226,031 stations from coastal hard and soft bottom habitats of the Baltic Sea were included in this study. This dataset was based on a regional sampling and sample processing protocol developed for the HELCOM COMBINE programme (HELCOM, 2015) . The stations included were sampled at least once in summer (June to August) between 2005 and 2015. On hard bottoms, blue mussels were collected by divers using a standard bottom frame (0.04 m 2 ) and/or a hand-held drop camera operated from small motorboats with recording devices operated on the surface. On soft bottoms, samples were collected using different benthos grabs (sampling area 0.02-0.1 m 2 ).
Quantitative samples were sieved in the field using 0.25 mm mesh screens. The residues were stored at −20°C and subsequent sorting, counting, weighing and measuring of blue mussels were performed in the laboratory.
Oxygen measurements under the farms were made with a JFE Advantech optical DO sensor (https://www.jfe-advantech.co.jp/eng/ ocean/rinko/rinko3.html).
The majority of existing experimental measurements of mussel growth in the Baltic Sea (n = 14,944) were used to model the potential growth and yields across the key environmental gradients. This includes the original data of the INTERREG Baltic EcoMussel and Baltic Blue Growth projects as well as data from different national research initiatives from Estonia, Finland, Sweden, Denmark and Germany (Fig. 2) .
Mussel tissue analysis
Nutrient content was analysed for 124 samples of blue mussel tissue. In each case, 100-150 g of fresh material (shells, soft tissue and associated water) were analysed in the following manner. Whole frozen mussels were removed from the freezer and thawed. A portion of the thawed mussels (shells, soft tissues and associated water) were manually crushed using a mortar and pestle. Between 100 and 150 g of the crushed mussels were weighed. This weight is reported as the sample wet weight. The samples were then freeze-dried at −80°C and weighed. They were then oven dried at 105°C (to remove any residual moisture) and weighed again to determine dry mass and dry matter fractions.
Prior to the nutrient analysis, dried material was filtered through a 1 mm sieve. Total N measurements were performed by the laboratories of Swedish University of Agricultural Sciences using the total Kjeldahl nitrogen (TKN) method. Total phosphorus (P) concentrations were analysed by Agrilab AB. Samples were acidified using sulfuric acid. P concentrations were obtained using ICP-AES.
Statistical analysis of nutrient concentrations
In order to account for regional variability in the nutrient content of mussels, samples were classified into those obtained in the Outer, Central or Inner Baltic Sea. These three functionally different regions were used to account for the regional-specific nutrient accumulation in mussels when assessing the potential of nutrient removal through harvesting.
Because the sampling design was unbalanced, i.e., the same number of samples were not available for the different months across regions, only the samples collected from the Outer Baltic were used to define the best way of grouping the samples obtained in the different seasons for subsequent analyses. A Tukey's Honest Significant Difference (HSD) post-hoc test of an ANOVA predicting wet weight P concentrations as a function of month indicated that samples from March, April, May and June belonged to the same group (spring) and had no overlap with the group of samples collected in other months (other). This grouping was corroborated by the analysis of wet weight N concentrations.
To facilitate the comparison with mussel harvest values, which are typically reported as total mass of mussels (i.e. shells, soft tissue and associated water), ANOVA analyses were performed on wet weight concentrations. Pairwise differences were assessed using the Tukey's HSD test. The ANOVAs tested for the fixed effects of region (Outer, Central and Inner), season (spring or other) and their interaction.
Modelled environmental variables
Care was taken to select the most relevant ecological variables in order to reach the most robust predictions about the role of the environment for blue mussel occurrence and growth. When the variable selection is inadequate, a model may include irrelevant variables and its predictive power is low (MacNally, 2000) . Earlier studies have shown that water salinity, temperature conditions, and food availability (a product of phytoplankton concentration and water flow) mostly shape the distribution and growth of blue mussels at the Baltic Sea scale (Kotta et al., 2015) . Baltic  Sea  were  obtained  from  the  products  BALTICSEA_ANALYSIS_FORECAST_PHY_003_006 and BALTICSEA_ANALYSIS_FORECAST_BIO_003_007 at the Copernicus open access data portal (http://marine.copernicus.eu/servicesportfolio/access-to-products/). These physical products covering the whole Baltic Sea area contain data with hourly resolution and 25 vertical levels. The biogeochemical data are served with 6-h resolution and 25 vertical levels. For both products, the horizontal grid step is regular in latitude and longitude and is approximately 1 nautical mile. The physical product is based on simulations with the HBM ocean model code (HIROMB-BOOS-Model). The biogeochemical product is based on simulations with the BALMFC-ERGOM version of the biogeochemical model ERGOM, originally developed at IOW, Germany. The BALMFC-ERGOM version has been further developed at Danish Meteorological Institute (DMI) and Bundesamt für Seeschifffahrt und Hydrographie (BSH). The BALMFC-ERGOM model is run online coupled with the HBM ocean model code. In the analyses presented here, annual averages of salinity and current velocity and summer averages (June to August) of temperature and chlorophyll a concentration were used.
Model inputs for the physical and biogeochemical conditions in the
In addition to the aforementioned data layers, depth data acquired from the Baltic Sea Bathymetry Database (Baltic Sea Hydrographic Commission, 2013) were used as a modelling input variable for predicting blue mussel presence and growth. The locations of hard bottom areas were obtained from the EMODnet portal (http://www. emodnet.eu/) and unpublished sediment data were collated from Finnish Environment Institute, Geological Survey of Sweden, and the Bundesamt für Seeschifffahrt und Hydrographie. Wave exposure data were produced by Aquabiota, using the Simplified Wave Model method (SWM; Wijkmark and Isaeus, 2010) . The SWM method calculates the wave exposure for mean wind conditions using a nested-grids technique to take into account long distance wind effects on the local wave exposure regime. This method results in a pattern where the fetch values are smoothed out to the sides, and around islands in a similar way that refraction and diffraction make waves deflect around islands. Then a depth-attenuation correction was applied to the SWM in order to estimate depth-attenuated wave exposure (Bekkby et al., 2008) . For maps of environmental variables, see Supplementary Fig. 1 .
Modelling the occurrence of blue mussel reefs along environmental gradients of the Baltic Sea
In the case of distribution data, all samples having positive coverage or biomass were considered as indicative of mussel presence and all other samples were considered as absences. The occurrence probability of wild blue mussels on seafloor was modelled as a function of depth, salinity, temperature, wave exposure and the presence of hard or mixed substrate with sand, boulders and bedrock. These substrate types are known to be good habitats for blue mussels in the Baltic Sea area (e.g. Westerbom, 2006) . A binomial Generalized Additive Model (GAM) with logit link function was used for modelling occurrence. Possible over-fitting was limited by constraining the degrees of freedom of model covariates.
Hydrodynamic connectivity model
The connectivity structure among all mussel reefs in the Baltic Sea area was estimated with a biophysical model of larval dispersal. Blue mussel larvae may drift in the water column for up to 30 days (Bayne, 1965 ). The biophysical model combined flow fields from an ocean circulation model with a Lagrangian particle-tracking model simulating transport of individual larvae from spawning to settling locations. The ocean current velocity fields were produced with the threedimensional NEMO-Nordic model (Hordoir et al., 2013 (Hordoir et al., , 2015 , a regional configuration of the NEMO ocean engine (Madec, 2010) covering the Baltic Sea, the Kattegat, the Skagerrak, and most of the North Sea. The model has a horizontal spatial resolution of 3.7 km and 84 vertical levels with depth intervals of 3 m at the surface and 23 m for the deepest layers. The model has open boundaries between Cornwall and Brittany, and between the Hebrides Islands and Norway with tidal harmonics defining sea surface height (SSH) and velocities, and Levitus climatology defining temperature and salinity (Levitus and Boyer, 1984 ). The applied model had a free surface and the atmospheric forcing was based on the re-analysis dataset ERA40 (Uppala et al., 2005) . Runoff was based on climatological data from several databases for the Baltic Sea and the North Sea. Validation of the NEMO-Nordic showed that the model correctly represents both tidally induced and wind driven SSH anomalies (Hordoir et al., 2015) .
To simulate larval drift trajectories, the Lagrangian particle-tracking model TRACMASS (De Vries and Döös, 2001) , that calculates transport of particles using stored flow field data from the ocean model, was used. The velocity, temperature and salinity were updated with a regular interval for all grid boxes in the model domain (in this study -every three hours), and the trajectory calculations were performed with a 15min time step. Particles simulating larvae of blue mussels were released from the model grid cells (3.7 × 3.7 km 2 ) that overlapped with the mussel reef areas. From each grid cell, 294 particles were released on three occasions between June to July as this time corresponds to a planktonic larval phase of blue mussels in the Baltic Sea region (Kautsky, 1982) . Each larva was forced to drift in one of three depth intervals: 25% of larvae between 0 and 10 m, 50% of larvae between 10 and 15, and 25% of larvae between 15 and 30 m (Corell et al., 2012) . The pelagic larval duration (PLD) was set to either 20 or 30 days with equal probability, and settlement was assumed at the location when the PLD was completed. All these simulations were repeated for 8 years (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) , representing a range of North Atlantic oscillation index values (NAO; Hurrel and Deser, 2009) , which is known to correlate well with the variability in circulation pattern, making a total of 670,000 released particles. A grid cell was considered to receive recruits if larvae spawned at any of the reefs in the Baltic Sea range settled at the specified grid cell ( Supplementary Fig. 2 ).
Modelling the growth of blue mussels along environmental gradients of the Baltic Sea
Blue mussel growth was modelled as statistical relationships between environmental variables and mussel growth yield experimentally evaluated all over the Baltic Sea region. Only the environmental variables known to affect regional patterns of Baltic Sea mussel growth (salinity, temperature, chlorophyll a, exposure to waves) were included in the model. It was assumed that new larvae can settle from 1st to 30th of June and only in the grid cells that are connected to mussel reefs (see previous subsection). The growth simulations were based on dry weight of mussels as opposed to length (this allowed for negative growth during periods of resource limitation and for greater flexibility when dealing with gamete production). The model assumed that the new larvae appeared in June. Yields were normalized with the total incubation time (to produce data for yield per day) but a linear pattern was observed within a year, thus allowing to extrapolate the predictions to 365 days. Two year predictions were calculated from one-year predictions using a coefficient obtained from individual growth patterns.
Gaussian GAMs with an identity link function were used for modelling. Possible over-fitting was reduced by constraining the degrees of freedom of model covariates. Final growth model included salinity and interaction between wave exposure and chlorophyll a. Two random factors were used to model the dependence inherent in the growth data. First, for a combination of farm area and year to allow for yearly variation in different farming areas. Second, for a combination of place (within area) and year to allow for yearly variation within areas. Thus it was assumed that yields for two farms from the same area or place from the same year are more similar than yields for two farms from different areas or places from the same year. To normalize the residual distribution, the yield per day was fourth-root transformed.
For prediction, it was assumed (based on empirical knowledge) that no further gain can be obtained from wave exposure values above 200,000 which represents a transition from moderately exposed to exposed areas (Kotta et al., 2015) . Blue mussel growth was deemed impossible at salinity values below 3.5 (Riisgård et al., 2014) . The available growth data was more evenly spread along the northeastern and south-western coasts as compared to central coasts of the Baltic Sea. Hence, in these sparsely sampled areas, growth for locations far from any growth assessment was estimated by spatial extrapolation. However, with respect to salinity, the main factor explaining mussel growth in our model, extrapolations are not extensive, since the growth data spans the salinity gradient.
To quantify meaningful effect sizes of the two components (salinity vs chlorophyll a and exposure to waves) in the study area, predictions of two-year yield were obtained for six different combinations of predictor values, as follows. First, for each predictor the 2.5% quantile (low), the median and the 97.5% quantile (high) were determined. To assess the interaction effect of chlorophyll a and wave exposure, salinity was kept at its median value while four different value combinations (lowlow, low-high, high-low, high-high) were assigned to the other two predictors. To assess the effect of salinity, the other two predictors were kept at their respective medians while two different value combinations (low and high) were assigned to salinity.
Nutrient removal at harvest
The mass of N and P removed during harvest at the three farms was estimated by multiplying reported wet weight harvest values and least squares mean estimates for "other season" wet weight nutrient percentages for the three regions of the Baltic. These estimated percentages were obtained from analyses of variance (ANOVA) of N and P tissue concentrations from 124 composite samples ( Supplementary Tables 2 and  3 ).
Results
Analyses of farmed mussels
A total of 9478, 1516 and 4912 mussel samples were harvested and measured from farms in the Outer, Central and Inner Baltic Sea (three major analysis regions, Fig. 2) . Average densities and individual wet weights (±SE) of harvested mussels were 2654 ± 77 individuals m −1 (individuals per metre of rope) and 0.50 ± 0.02 g ww (wet weight) in the Outer Baltic; 4998 ± 329 individuals m −1 and 0.20 ± 0.01 g ww in the Central Baltic and 2326 ± 24 individuals m −1 and 0.16 ± 0.001 g ww in the Inner Baltic, respectively.
In total, 124 composite samples of whole mussels (shell and soft tissue) were available for dry matter and nutrient analysis. Samples of blue mussels from the Outer Baltic had significantly higher dry matter content (42.5%) than mussels from the Central (34.0%) or Inner (32.6%) Baltic ( Supplementary Table 1, Fig. 3 ). Region, season and their interaction accounted for 62.3% and 67.7% of the total observed variation in mussel tissue N and P percentages ( Supplementary Tables 2 and 3) . Nitrogen concentrations were highest in Outer Baltic samples from spring (1.23%), followed by those obtained for the same region in other seasons (0.89%). There were no significant differences among spring Central Baltic samples (0.70%), Central Baltic samples from other seasons Fig. 3 . Mean and standard errors (bars) of the mean dry weight proportion in the Outer, Central and Inner Baltic Sea. Letters depict statistically significant differences between groups (Tukey's HSD test results at p b 0.05) and levels are statistically significantly different if they do not have any letters in common. Fig. 4 . Mean (filled shapes) and standard errors (bars) of nitrogen (N) and phosphorus (P) content in farmed mussels expressed as a percentage of wet weight in spring vs other seasons in the Outer, Central and Inner Baltic Sea. Letters depict statistically significant differences between groups (Tukey's HSD test results at p b 0.05) with capital letters denoting N and lowercase letters P groups. N and P levels are statistically significantly different if they do not have any letters in common.
(0.69%), and spring Inner Baltic samples (0.57%). Inner Baltic samples from other seasons (0.52%) were significantly lower compared to all other contexts except Inner Baltic spring samples ( Supplementary  Table 2 ). Observed phosphorous concentrations followed similar trends to those of N ( Supplementary Table 3 ). The highest P concentrations were measured in spring Outer Baltic samples (0.111%) and the lowest in mussels from the Inner Baltic in other seasons (0.040%). Phosphorous concentrations in spring Central (0.060%) and Inner Baltic (0.050%) samples were significantly lower than in spring Outer Baltic samples and did not differ from Outer Baltic samples obtained in other seasons (0.065%). As for N, P concentrations did not statistically differ between seasons in mussels from the Central (spring: 0.060%, other: 0.053) and Inner (spring: 0.050%, other: 0.040%) Baltic (Fig. 4) .
Biomass yield and economic information were available for three production farms: Kumlinge (Inner Baltic), Sankt Anna (Central Baltic) and Kiel (Outer Baltic) ( Table 1) . Although the higher salinity and chlorophyll a levels at Kiel may suggest a greater potential for mussel biomass production and hence nutrient removal, this difference was not manifested. In fact, nutrient removal was higher in Sankt Anna (23.3 g N m −1 and 1.8 g P m −1 line) than either Kiel (22.2 g N m −1 and 1.6 g P m −1 line) or Kumlinge (3.7 g N m −1 and 0.3 g P m −1 line). Production costs were approximately four times higher at Kiel (1.85 € kg biomass harvested −1 ) than at Sankt Anna (0.52 € kg biomass harvested −1 ). Costs were much higher at Kumlinge (8.52 € kg biomass harvested −1 ). Differences in production costs were the main driver of the large difference in nutrient removal costs which were lowest at Sankt Anna (76 € kg N) −1 and 981 € kg P −1 ) and higher at the other two farms.
Modelling of biomass yield and regional nutrient removal
Spatially explicit estimates of farm biomass yield were predicted as a function of site salinity, exposure to waves and food availability (i.e. chlorophyll a concentration) (Fig. 5) . The model explained 82.3% of the variation in the data. Modelled patterns of biomass yield were driven by salinity at the regional scale and food availability at the Fig. 5 . Overview of the blue mussel biomass yield model and obtained response curves. Estimations refer to biomass yields obtained two years after the establishment of the farms. Panel A shows the interactive effects of exposure to waves and chlorophyll a concentration (i.e. food availability) at a salinity of 7.5 psu. Panels B-D show the interactive effects of exposure to waves and salinity at low, medium and high chlorophyll a concentrations. Panels E-G show the interactive effects of salinity and chlorophyll a at low, medium and high exposure levels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) local scale. On the model scale, the effect of salinity was estimated to be linear (and positive) which translated to a quartic effect on the response scale. The interaction between food concentration and exposure to waves (a good proxy of water movement and exchange) was more complex. At low water movement, elevated chlorophyll a concentrations were associated with low biomass yield of mussels, whereas at moderate to good water exchange, increasing chlorophyll a resulted in the raised biomass yield. The overall effect size of salinity was about 13 times as large as the effect size of the aforementioned interaction. The random effects, accounting for the interannual and spatial variation not explained by the mean trends in salinity and the interaction between wave exposure and food availability, explained approximately 50% of the total variance. The model does not simulate disastrous loss of harvestable mussel biomass associated with severe storms or harmful algal blooms.
Response curves predicting mussel yield as a function of environmental conditions (Fig. 5) were combined with spatial data on salinity, wave exposure and surface chlorophyll a concentrations to produce pan-Baltic estimates of potential rates of biomass removal that can be obtained using farmed blue mussels ( Supplementary Fig. 3) . The model extrapolation power was assessed by predicting the average yield in the Kiel mussel farm that was not used for model fitting. On the model scale, the average yield was predicted to be only 10% smaller than what was actually measured. Higher growth was predicted at higher salinities and/or better food regimes, i.e. the Outer and Central Baltic. Predicted biomass yield was highest in high-salinity areas of the Outer Baltic where it was estimated at 15 kg m −1 per harvest. With declining salinity, predicted biomass yields varied between 1 and 3 kg m −1 in the Central Baltic. In marginal (Inner Baltic) regions, predicted biomass yields never exceeded 1 kg m −1 . Patterns in modelled rates of biomass removal are similar to the observed patterns of N and P content (Fig. 4) , which are higher in the Outer Baltic than in either the Central or Inner Baltic.
The harvest data from the three example farms (Table 1) can be put into a regional context by comparing them to regional modelled rates of biomass removal ( Supplementary Fig. 3) . The observed harvest at Kumlinge is similar to model projections while the actual harvest at Sankt Anna is 2.5 times larger than model projections and the Kiel harvest is 5 times smaller (Table 1) . Mussels grow larger in waters that are more saline and therefore their substrate (i.e., the settlement rope) becomes quickly saturated and competition between mussels for space is high. A multi-layered structure of large mussels is very unstable and even moderate storms can remove outer layers from suspended ropes. Many detached mussels were observed underneath the Kiel farm, whereas no such losses were recorded in Sankt Anna (Fig. 6) . Nevertheless, the full potential of high-salinity areas is demonstrated based on harvest data from experimental fuzzy ropes deployed in Kiel farm over a year and such substrates hosted nearly 10 kg mussels m −1 (Supplementary Fig. 4) .
When evaluating the potential of mussel cultivation as a mitigation tool to reach regional nutrient reduction targets, a surprisingly small marine area would need to be used for mussel farms in order to close the remaining nutrient reduction gaps, i.e., 900 km 2 for the Central Baltic and 600 km 2 for the Inner Baltic (Fig. 1) . When farms are established at optimal growth locations and optimal density, then nutrient removal during mussel harvest can compensate up to 100% of the local and a large part of the regional nutrient loading. Although the modelling results presented here suggest a higher efficiency of mussel farms at high salinity, the factual evidence suggests that Outer Baltic farms are not necessarily more efficient in nutrient removal as compared to Central Baltic farms. Importantly, the predicted total area of farms needed for achieving HELCOM nutrient reduction targets could be achievable under the current marine spatial planning regime in the Baltic Sea.
Discussion
Marine eutrophication is a pervasive and growing threat to global sustainability (Conley et al., 2009b) . While all reasonable efforts to reduce nutrient inputs from land to sea must continue, internal measures are also needed to ensure the timely recovery of eutrophicated systems (Savchuk, 2018) . Extractive harvesting of farmed native bivalve species, including M. edulis/trossulus, is a sustainable, low-impact (Petersen et al., 2014 (Petersen et al., , 2019 , circular (Spångberg et al., 2013) and potentially cost-effective (Gren et al., 2009) internal measure for eutrophication control (Suplicy, 2018) . While arguments have been made against the use of internal measures such as mussel farming (Stadmark and Conley, 2011) or geo-engineering (Conley, 2012) , there can be little doubt that internal measures must be considered when all feasible external measures for nutrient load reduction have been explored, applied and found to be inadequate or insufficient.
The Baltic Sea is a plausible representation of the likely future state of other coastal seas globally (Reusch et al., 2018) and the accumulated knowledge for this region may serve as a useful future management model for other internationally managed seas. Mitigation has already been largely successful for recovery of Baltic Sea top predators (Reusch et al., 2018) and some fish stocks (Eero et al., 2012) . External loads of both N and P from the surrounding catchment have declined (Reusch et al., 2018; Savchuk, 2018) but average N concentrations are decreasing slowly, if at all, while P concentrations continue to increase (Savchuk, 2018) . This mismatch between the successful reduction of terrestrial nutrient inputs and failure to observe corresponding improvements in water column nutrient concentrations is due in part to the ongoing release of nutrients accumulated in marine sediments (Vahtera et al., 2007) .
The predicted nutrient removal by mussel harvesting largely follows the spatial patterns of mussel growth, i.e., farms in the Outer Baltic are expected to have higher yields than in other Baltic Sea regions. Harvest weight (kg m −1 ) is linearly related to mussel size (Nielsen et al., 2016) and blue mussels do not grow as rapidly in brackish waters as they do in fully marine environments. While the small size of harvested mussels poses challenges for feed or food production, the data presented here suggest that the overall potential for nutrient removal does not diminish along the salinity gradient, except for the innermost parts of the Baltic Sea (Table 1, Supplementary Fig. 3) . While it is important to prioritize high salinity sites in order to enhance the yield, even at reduced salinities in the central Baltic Sea, a one hectare mussel farm with a density of appropriate ropes may yield hundreds of tons of biomass per harvest cycle. Furthermore, the harvest strategy can be optimised as smaller mussels may be more efficient at nutrient removal due to lower detachment rates as density dependent losses can reach 50% in oceanic regions with high biomass production (Haamer, 1996) .
Unlike earlier studies (Dahlbäck and Gunnarsson, 1981; Hartstein and Stevens, 2005) , the monitoring of all existing mussel farms in the Baltic Sea region offers no evidence to suggest that blue mussel farms in the Baltic Sea have any negative effects on the local oxygen conditions at the sediment-water interface (Aigars et al., 2019) . While others have suggested that mussel farms can cause promote lower sediment oxygen concentrations associated with a reduction in bioturbation or excessive accumulation of organic matter (Stadmark and Conley, 2011) , the opposite phenomenon was observed at the Kiel mussel farm where an increase in bioturbation led to higher sediment oxygen concentration (Aigars et al., 2019) . When sediments remain oxygenated, there is unlikely to be any additional internal loading of P. However, oxygenated conditions in the sediment under farms can suppress denitrification (Carlsson et al., 2012) .
Shellfish farming generally has lower environmental impacts than other forms of aquaculture (Forrest et al., 2009; Kraufvelin and Díaz, 2015) . Farmed blue mussels do not require any nutrient external inputs. This means that unlike other forms of aquaculture, all of the nutrients removed during harvest make a positive contribution to regional eutrophication reduction and a valuable regulative ecosystem service in eutrophic waters (Suplicy, 2018; Petersen et al., 2019) . However, the potential for localised nutrient enrichment in the immediate vicinity of mussel farms does exist in very sheltered areas (e.g., Stadmark and Conley, 2011; Holmer et al., 2015) and in such areas the possibility of undesirable local eutrophication must be recognised and addressed.
Furthermore, farms can provide additional habitat for colonization to supplement natural mussel reefs lost to anthropogenic impacts, especially human-facilitated invasion impacts of benthic predators. In the Baltic Sea, the most relevant invasive predator is round goby, which causes large-scale losses of benthic blue-mussel populations (Skabeikis et al., 2019) , e.g. one case-study location is estimated to have lost 23% of its 230km 2 pre-invasion mussel reef area due to round goby predation (Liversage et al., 2019) . Suspended mussels will attract negligible predation from such benthic predators, thus mussel farming will help restore overall population levels. If a switch does occur from natural mussel reefs to suspended farm mussels, this may involve a reduced local-scale per-capita impact on eutrophication because material excreted from suspended mussels will have greater dispersal and dilution by water movements (Hartstein and Stevens, 2005) rather than direct benthic retention. In addition, aquaculture activities often produce benthic shell debris deposits (Sanchez-Jerez et al., 2019) which increase sediment porosity and oxidised sediment layer depth, as well as infaunal bioturbation (Zaiko et al., 2010) . These benefits may be expected following extended establishment of mussel farms.
Using mussel farming as an internal measure to mitigate eutrophication in the Baltic requires the development of appropriate legislative instruments (Ozoliņa, 2017) and resolution of sea-use conflicts along maritime spatial planning process (Kannen, 2014) . The modelpredicted locations of mussel farms for achieving eutrophication reduction targets do not take multiple sea-use conflicts into account, especially tourism and fisheries (Lindahl et al., 2005) . While maritime spatial planning tools for optimizing interests of various stakeholders are well developed, the tools do not yet incorporate the implementation of mussel farming. Careful planning of large-scale mussel farming could avoid unacceptable environmental impacts or conflicts with other uses. Farms should be located in semi-exposed or exposed areas with good water circulation where negative local effects to benthic habitat quality are unlikely. Additionally, predation can compromise the production of bivalves in otherwise suitable areas. Therefore, the risk of losing biomass to, e.g., the eider ducks (Somateria mollissima) in the Outer Baltic must be assessed before initiating a full-scale mussel production. Other technical challenges including storms, epiphytes, and in some regions ice, will also need to be considered and lessons learnt from previous mussel farming programmes need to be applied (National Research Council, 2010) . Furthermore, farm technology adapted to the culturing of small mussels should be used whenever possible to maximize yields. Blue mussel farming as a mitigation measure is particularly efficient to counteract diffuse nutrient emissions as to date there are few other effective options to remove nutrients that have already reached the sea. Commercial mussel farming can also contribute to rural sustainability by providing jobs in economically depressed areas. It may also contribute to a clean-up of the local marine environment with benefits for local tourism, recreation and other cultural ecosystem services.
Conclusions
Eutrophication is a leading cause of impairment of many aquatic ecosystems globally. While external measures to control nutrient inputs must be pursued, there is also a need for internal measures in order to restore water quality and enable ecosystem recovery in a timely manner. Blue mussel farming is a promising low-impact and native species-based internal method for eutrophication control in the Baltic Sea and beyond. Mussels filter the water for phytoplankton and trap nutrients which are then removed from the aquatic environment through harvest, allowing nutrient reuse as part of the circular economy. Blue mussel farming in the Baltic Sea not only provides a tool for nutrient mitigation, but also contributes to the social and economic sustainability of rural areas. These results presented here provide factual data to support political decisions on internal measures for eutrophication control and promote the sustainability of the Baltic Sea region through mussel farming for nutrient management.
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